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Abstract 
Many diseases are associated with a change 
in t he distribution of diffusible ions at the 
c e l l or t i s sue l evel. These diseases can profi -
tably be studied by X-ray microanalysis. This 
technique for the study of ion distribution 
requires the use of cryoprepared specimens. 
Analysis at low or medium resolution can be 
c arried out on thick or semi-thick cryosections, 
o r on frozen - hydrated or freeze - dried embedded 
bu l k samples . Such analyses are particularly 
u s eful in the initial stages of an investigation, 
or when many data from a large number of samples 
have to be acquired. Quantitative analysis is 
then usually carried out with the peak-to-local 
background method: by taking the background in 
the same energy range as the characteristic peak , 
an intrinsic correction for absorption of X-rays 
within the sample is made. X-ray microanalysis of 
cultured cells prepared by freeze - drying can also 
be carried out in this way. Analysis at high 
resolution has to be carried out on thin sect-
ions: cryosections, or sections of freeze - sub-
stituted or freeze - dried embedded tissue . For the 
latter type of specimens, the use of low-tempera -
ture embedding methods may have important advan -
tages. Quantitative analysis of thin sections is 
c arried out by the established continuum method. 
KEY WORDS: X-ray microanalysis , pathology, diag -
nosis, cryo micr otomy , cultur ed cells, free ze-
drying , cryoultramicrotomy, freeze-substitution, 
low - temperature embedd ing, quantitative analysis. 
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The correct choice of preparation method is 
a crucial step in X-ray microanalysis of biolo -
gical samples. The objective of the preparation 
should be to preserve the distribution of the 
elements of interest as close to the in vivo 
state as possible, and to obtain a specime n in 
which the structures to be analyzed can be un-
equivocally identified. Conventional methods for 
specimen preparation used in electron microscopy 
are unsuitable for the study of all but the most 
firmly bound elements . Loss of diffusible ele-
ments occurs mainly during fixation, but addi-
tional important losses may occur during sub -
sequent steps of the preparation ( Morgan 1979). 
Cryomethods have therefore become increasingly 
important in X-ray microanalysis. Despite advan -
ces in the available instrumentation for cryo -
techniques, these methods are still more deman -
ding for the preparation of thin specimens than 
the conventional preparation techniques. This has 
been a maj o r difficulty in the application of 
X-ray microanalysis in biology and medicine. 
One of the most frequent applications of 
X- ray microanalysis in pathology concerns the 
analysis of asbestos and other particulates in 
lung tissue (Abraham and Burnett 1983 , Mukherjee 
and Dixon 1983) . Apart from the obvious clinical 
interest of the problem, the relative ease of the 
preparation method has undoubtedly been a factor 
stimulating the development of this area of 
resea rch . X- ray microanalysis has also frequently 
been used for other problems th at did not require 
the use of cryotechniques. Examples are the 
analysis of urinary and biliary stones ( Kim et 
al. 1984, Wosiewitz 1983), and of patholog ical 
forms of iro n and copper sto rage in the liver 
( Hul tcrantz et al. 1979, 1980, Epstein et al. 
198 1, Cleton et al. 1986) . 
Fewer studies have, however, been carried 
out on diseases involving chan ges in the distri-
bution of diffusible elements. Examples of ana-
lysis of human tissu e prepared by cryotechniques 
are relatively rare: cyst ic fibrosis ( Izutsu et 
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Fig. 1: Schematic survey of cryotechniques for preparation of biological tissue for microanalysis. 
al. 1985, Roomans et al. 1986), psoriasis (Grun-
din et al. 1985), cancer (Zs. Nagy et al. 1981, 
Wroblewski et al. 1983a) , and various forms of 
muscular disorders (Wroblewski and Edstrom 1984). 
In view of the important role of ion shifts in 
cell injury ( Trump et al. 1979) and the many 
diseases that are associated with abnormal ion 
transport or localization in a particular tissue, 
it is evident that much work remains to be done. 
In this paper we will review relevant cryo-
preparation techn iques for X-ray microanalysis of 
biological tissue with special reference to their 
use in pathology, and with emphasis on the tech -
niques routinely used in our laboratories. A 
schematic survey of the techniques discussed is 
given in Fig. 1. 
For analysis at high resolution, thin sec-
tions prepared by cryoultramicrotomy, or by 
sectioning of freeze-dried embedded or freeze-
substituted embedded material have to be used. 
For analysis at lower resolution, thick or semi-
thick cryosections cut on a ionventiona1a cryostat 
at temperatures between -20 C and -35 C can be 
used (Wroblewski et al. 1978, Wroblewski 1982, 
Wroblewski et al. 1983b). Freeze-dried embedded 
bulk specimens ( Ingram and Ingram 1980) or fro-
zen-hydrated bulk specimens (Marshall 1980a, Zs. 
Nagy et al. 1981) are an alternative. The thick 
cryostat sections can also be used for the ana-
lysis of large extracellular spaces (Anniko and 
Wroblewski 1981). 
Freezing 
For analysis at high resolution, optimal 
freezing is of vital importance. Freezing can be 
carried out either by plunging the specimen in a 
liquid coolant ( liquid propane or ethane sub-
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cooled by liquid nitrogen are the preferred 
coolants), or by freezing the specimen against a 
metal mirror ( silver or copper cooled by liquid 
nitrogen or liquid helium). A full discussion of 
the present state -of-the-art in freezing tech-
niques is outside the scope of this paper. How-
ever, we would like to point out that when freez-
ing has to be carried out in a clinical surroun-
ding (in or near the operating theatre), the less 
optimal Freons will have to be selected as liquid 
coolants over the potential explosive propane and 
ethane. A relatively small, easy to carry freez-
ing tool such as copper-block pliers cooled by 
liquid nitrogen (Hagler and Buja 1983, Ingram and 
Ingram 1983) is under those circumstances defini-
tely preferable to more sophisticated but large 
and complicated metal mirror instruments. For 
analysis at low or medium resolution on (semi-)-
thick cryosections, plunging the specimens in 
liquid nitrogen may be an adequate alternative. 
The time at which the tissue is obtained is 
also of crucial importance. Immediately after 
death, redistribution of mobile ions takes place, 
leading to an increase in the cellular concentra-
tions of sodium, chloride and calcium, and a 
decrease in magnesium and potassium (Kuypers and 
Roomans 1980, Roomans and Wroblewski 1985, von 
Zglinicki et al. 1985). In work with experimental 
animals, the tissue should therefore preferably 
be removed from the animal under anesthesia. If 
human tissue is obtained, practical circumstances 
may make the use of tissue obtained at autopsy 
unavoidable, but this should then be taken into 
consideration in the interpretation of the re-
sults. In all cases the investigator should 
strive to obtain the tissue as rapidly as pos-
sible after death. For analysis at low resolution 
on (semi-)thick specimens, less than optimgl 
freezing methods (e.g., freezing in a -20 C 
.. 
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Fig. 2: Beam penetration in freeze-dried soft 
tissue as a function of accelerating voltage, 
assuming a normal incidence of the beam. 
freezer) may be preferable to delay of the remo-
val of tissue to wait for liquid nitrogen or 
ot her liquid coolants (Roomans and Wroblewski 
1985). 
Finally it has to be pointed out that ex-
cision of tissue, in particular of excitable 
tissue such as muscle, may cause changes in the 
distribution of ions ( Ingram and Ingram 1983). 
For these tissues, freezing in situ should be 
considered whenever possible. 
Thick cryosections 
As is well known, the resolving capabilities 
of the electron probe can only be used to their 
full extent in the analysis of thin specimens. On 
the other hand, a strong case can be made for 
(semi-)thick specimens in some analyses, e.g., in 
the initial stages of an investigation , when a 
rapid survey of the biological sample has to be 
made. The quality of thin cryosections is to a 
large extent dependent on the cryofixation, which 
should be carried out without causing appreciable 
ice crystal damage. In order to fulfill those 
requirements, the size 
3 
of the tissue sample 
should not exceed 1 mm . However, in several 
pathological conditions, changes are unevenly 
distributed in the tissue and larger samples may 
be necessary. In other cases dissection of the 
tissue to obtain sufficiently small samples may 
not be possible without severely damaging the 
tissue and altering the ion distribution. A 
striking example of such a situation is the inne r 
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ear, which is surrounded by bone. A large number 
of cells and a large number of animals ( or pa-
tients) can be prepared for analysis in a reaso-
nable time only when (semi-) thick cryosections 
are used. Since specimen preparation can be done 
more standardized, a better appreciation of 
biological variability (both within a tissue or 
between different animals or patients) is pos-
sible. The method also allows e.g., effects of 
toxic agents or drugs to be assessed with more 
reliable statistics (although, of course, a 
detailed analysis of the effects still will 
require preparation and analysis of thin sec -
tions). 
Definition 
By a thick or bulk specimen in X- ray micro-
analysis we mean a specimen with a thickness such 
that the primary electrons lose all their energy 
in the specimen and do not reach the " far " side 
of the specimen (where they would excite the 
specimen support). The actual (effective) thick-
ness of the specimen needed to qualify as a bulk 
specimen depends on the accelerating voltage and 
the density of the specimen; this means that the 
tilt of the specimen with respect to the electron 
beam has to be taken into account. The penetra-
tion of the electrons in the specimen can ( by 
approximation) be calculated from range equations 
such as those given by Reed (19 76 ) and the mini-
mal required thickness for a freeze-dried section 
of soft tissue at a given accelerating voltage 
can be determined from Fig. 2 (assuming a normal 
incidence of the primary beam). Analysis of 
tilted specimens tends to slightly decrease the 
required minimal thickness, because the length of 
the effective path of the penetrating electrons 
still fulfills the requirements for completely 
stopping the elect ron beam before it reaches the 
specimen support . The validity of the theoretic al 
calculations can be checked by placing the speci-
men on a substrate giving a characteristic signal 
that can be distinguished from the contribution 
of the specimen itself to the spectrum (e .g. , an 
aluminum foil) (Wroblewski et al. 1978). 
Procedure for preparation of thick cryosections 
A typical procedure can be described as 
follows: transverse serial sections (with a 
nominal thickness of 16 µm for analysis at 20 kV) 
are cut on a conventional cryostat (Minotome) 
ope rated at -20 to -30°c (Fig. 3). Sections for 
X- ray microanalysis were picked up from the knife 
edge with a fine brush and transferred to a 
highly polished pure carbon plate. In most of our 
studies we allow sections to adhere to the carbon 
plate by gentle and quick partial thawing of the 
section. Prior to thawing, the sections are 
pressed firmly with a cooled brush against the 
carbon holder. Thawing is performed by pressing a 
finger under the carbon plate for a short time 
and freezing the plate again as fast as possibl e . 
If this procedure is carried out quickly, only a 
thin layer at the bottom of the section will 
thaw . The section will then appear white seconds 
after adhering to the carbon plate. When the 
whole section has melted it will appear grey even 
after a long freeze-drying process. In the scan -
R . Wroblewski, J. Wroblewski, and G. M. Roomans 
Fig. 3: View of the specimen (black arrow) and 
the cut section (white arrow) in the cryostat. 
ARP: anti-roll plate. Bar= 1 cm. 
ning electron microscope this latter type of 
section shows numerous holes and poorly defined 
cell borders (Wroblewski 1982) whereas partially 
thawed sections show only small holes and well 
defined cell borders. Elemental concentrations in 
such melted sections may appear lower than in 
properly prepared cryosections. An alternative to 
the procedure of partial melting is the "point-
welding" procedure (Wroblewski 1982). Small areas 
of the cell are pressed against the supporting 
plate with a needle or scalpel blade. "Point-
welding" involves thawing of minute, defined 
areas within the section, while the rest of the 
section remains frozen throughout the procedure. 
Sections will not adhere well unless the carbon 
plate has been adequately polished. After freeze-
-drying in the cryostat overnight, the sections 
are coated with a conductive carbon layer to 
m1n1m1ze charging and stored in a desiccator 
until analysis. The freeze-drying process may be 
carried out faster under vacuum. 
To facilitate the identification of the cell 
type to be analyzed in a section ( in a tissue 
with several cell types), an adjacent section can 
be picked up on a glass slide and stained for 
light microscopy. Histochemical staining methods 
can also be used (Fig. 4), e.g., to stain muscle 
fibers for ATPase (Wroblewski et al. 1978). The 
microanalytical data can be correlated with light 
microscopical and histochemical findings. 
Qualitative Analysis 
The cryosections mounted for analysis are 
viewed in the secondary or backscattered mode and 
analyzed at an accelerating voltage of 20 kV 
(Figs. 5 and 6). Especially with the help of the 
adjacent sections stained for light microscopy, 
the different cell types in a tissue can be 
easily distinguished. In practice, comparison of 
the light microscopical image and the secondary 
image can be facilitated by mounting a video 
camera on the light microscope and placing the 
monitor close to the the viewing screen of the 
scanning electron microscope ( SEM) or the scan-
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Fig. 4: Scanning electron micrograph (a) and 
scanning transmission electron micrograph (b) of 
(the same) 6 µm thick cryosection of human 
skelet al muscle. Bar= 50 µm. 
ning attachment of the transmission electron 
microscope. By rotating the image either on the 
screen of the SEM or by the camera of the light 
microscope, a close correlation between the two 
images can be obtained. 
The spatial resolution of analysis is at 
the cellular level. At 20 kV, the maximal diame-
ter of the analyzed volume is about 10 µm, · which 
is sufficiently small not to exceed the diameter 
of most cells. Thus, neighboring cells of mar-
kedly different elemental composition such as 
chloragoge nous cells and intesti nal cells of the 
earthworm Lumbricus terrestris (Wroblewski et al. 
1979), mucous acinar and serous granular duct 
cells in rat submandibular gland (Roomans et al. 
1982a), and different types of muscle fibers 
(Wroblewski et al. 1978) can be distinguished 
morphologically as well as from their X-ray 
spectra. 
Quantitative Analysis 
In our original work with thick freeze-dried 
cryosections (Wroblewski et al. 1978) the sec-
tions were mounted on carbon plates together with 
sta ndards consisting of polymerized resin doped 
with the element(s) of interest (Roomans and van 
Gaal 1977). The X-ray intensities in specimen and 
standard were compared and a ZAF-correction was 
used, mainly to compensate for differences in 
absorption between specimen and standard. In 
subsequent work, however, an external stand ard 
was used, made up by dissolving known amounts of 
mineral salts in a matrix of 20% gelatin to which 
5% glycerol had been added (Roomans and Seveus 
1977, Hagler et al. 1983) . Small pieces of the 
solidified gelatin gel were frozen , cryosectioned 
and mounted on carbon plates in the same way as 
the tissue to be analyzed. Peripheral standards 
could be made by embedding the sample prior to 
freezing in the gelatin standard . For sev era l 
reasons the application of the ZAF-c orrection in 
biological microanalysis meets with difficulties 
(Boekestein et al. 1983a,b). Commercially avai-
lable ZAF-corrections programs have been devel-
Low temperature techniques 
Fig. 5: Thick cryosection of human skeletal muscle viewed in the secondary (a) and backscattered mode 
(b). The backscattered mode allows better visualization of the section. Bar= 100 µrn. 
Fig. 6: Thick cryosection of the de ve l oping rat eye (day 19), v iewed in the secondary (a) and back-
scattered mode (b). L: lens, AC: anterior chamber, C: cornea. The content of the anterior chamber is 
better visible in the backscattered image . 
oped for metal and mineral specimens and contain 
assumptions and approximations that usually are 
invalid for biological specimens, which mainly 
consist of light elements. Also, the composition 
of the light element matr i x (H, C, N, and 0) .that 
constitutes more than 90% of freeze-dried soft 
tissue cannot be determined with conventional 
energy-dispersive detectors; still, however, this 
composition has to be known to apply the ZAF-cor-
rection . Finally , unlike metal and mineral bulk 
specimens, biological bulk specimens cannot be 
polished and therefore have a rough surface, that 
makes the local absorption correction difficult 
to calculate. Following a method developed for 
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the analysis of irregularly - shaped particles in 
the material sciences ( Statham and Pawley 1978, 
Small et al. 1978) it could be demonstrated that 
the use of the ratio of the characteristic inten -
sity and the continuum intensity in the same 
energy region ( the "background under the peak") 
was much less sensitive to variations in surface 
structure than the characteristic intensity alone 
(Roomans 1981, Boekestein et al 1984). Assuming 
that the depth distr i bution of the generation of 
characteristic X-rays and of continuum X- rays is 
the same , the "P / B- method" provides an intrinsic 
correction for absorption effects, which in 
R. Wroblewski, J . Wroblewski, and G.M. Roomans 
quantitative analysis of biological tissue is the 
most important correction to be accounted for 
( Roomans 1981). 
Even though the underlying assumption of the 
"P/B-method" is only true by approximation (since 
the average depth of continuum generation exceeds 
the average depth of generation of characteristic 
X-rays of the same energy), in practice the 
method works well with specimens with a modera-
tely rough surface. In this respect, the thick 
cryosections have a more suitable surf ace geo-
metry than e.g., freeze-cracked specimens. The 
continuum intensity has to be corrected for 
differences in average atomic number between 
specimen and standard in the same way as is usual 
in the continuum method as applied to thin sec-
tions (Hall et al. 1973, Roomans and Seveus 
1976). 
Analysis of Large Fluid-Filled Compartments 
Thick freeze-dried cryosections prepared as 
described above can also be used for the analysis 
of the content of relatively large fluid-filled 
spaces in tissue. The method has been success-
fully applied to the qualitative analysis of the 
endo- and perilymphatic space of the mouse inner 
ear (Annika and Wroblewski 1981, 1983, 1986) and 
of the ventricular fluid as well as the choroid 
plexus, ependyma and cerebral cortex of rat 
embryo brain (Wroblewski et al. 1984). These 
fluid-filled spaces can easily be distinguished 
from the surrounding tissue (Figs. 6 and 7). The 
material in the spaces shows after drying small 
crystal-like aggregations. Although the method 
has only been used for qualitative and semi-quan-
titative analysis in the studies carried out 
until now, it would, in principle, be possible to 
determine the concentration ratio of the e l ements 
occurring in the spaces with the P/B -method 
followed by a ZAF-correction (Statham and Pawley 
1978, Small et al. 1978). 
Other Types of Cryoprepared Bulk Specimens for 
X-ray Microanalysis 
As an alternative to cryosectioning, cryo -
fracturing can be used. In the freeze-fracture 
freeze-drying technique applied by Zs. Nagy et 
al. (1981) the specimen is frozen, fractured in 
the frozen state, and then freeze-dried. 
A disadvantage of the thick freeze-dried 
specimens described above is the poor spatial 
resolution of analysis. As will be discussed 
below, resolution can be improved by the use of 
semi - thick cryosections. However, other alter-
natives to improve the spatial resolution of 
analysis in bulk specimens are available. The 
penetration of the electron beam is inversely 
related to the density of the specimen, and by 
increasing this density by using freeze-dried 
embedded (Ingram and Ingram 1980) or frozen-
hydrated (Marshall 1980a) bulk specimens the 
spatial resolution is improved by at least a 
factor of two. The disadvantage of these specimen 
types is that the concentration of the elements 
of interest is decreased by the presence of a 
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"matrix" of plastic or ice, respectively. Ingram 
and Ingram (1980) analyze the polished block 
face, and the problems with specimen surface 
roughness that make the P/B method of quanti-
tation the method of choice with freeze-dried 
(unembedded) specimens are thus overcome. Analy-
sis of frozen - hydrated bulk specimens with a 
windowless (or thin-window) X- ray detector allows 
the direct measurement of water content in the 
specimen; however, the use of the P /B method of 
quantitation in the very low energy range (below 
1 keV} poses serious difficulties (Marshall and 
Condron 1985), since the background is very low 
in this energy range and cannot be determined 
accurately. Marshall and Condron (1985) therefore 
propose an alternative way of correcting for 
sur face roughness, namely to use the backscatter 
signal as an indication of surface topography. 
This necessitates the installation of an annular 
backscatter detector mounted on the collimator of 
the X-ray detector. 
Semi-thick Cryosections 
The use of semi-thick sections in biological 
X-ray microanalysis has several advantages. The 
resolution of analysis is better than in thick 
cryosections, which allows analysis of smaller 
cells. Also, in addition to a secondary image, a 
transmission or scanning-transmission image with 
incre ased morphological information (compared to 
the secondary electron image from bulk specimens) 
can be obtained. Correlation with histochemical 
methods is as easy as for thick cryosections. 
Compared to thin cryosections, semi-thick sec-
tions are easier to prepare, allowing the prepa-
ration of more specimens for analysis in the same 
time . It is therefore not sur prising that X-ray 
microanalysis of semi-thick sections is being 
used in an increasing number of investigations on 
the pathology of a variety of tissues (e.g., 
Cameron and Smith 1980, Cameron et al. 1978, 
Wroblewski 1982, Edstrom and Wroblewski 1982, 
Wroblewski et al. 1983a). 
Pre parat ion of Semi-thick Cryosections 
Our method for the preparation of 
c ryosections has been described in 





Specimen holder: A special carbon specimen 
holder has been designed for the analysis of 
semi-thick sections in the JEOL lOOC electron 
microsco pe with scanning attachment (this holder 
will also fit other TEM models from this manufac -
turer). The holder consists of a 1 mm thick pure 
carbon plate with a central hole of 1. 5-2. 5 mm 
width. The hole is drilled at an angle of 35° to 
allow unobstructed passage of the electron beam, 
since we routinely carry out analysis with the 
specimen holder tilted 35°. A similar holder can 
be made in dimensions fitting the specimen holder 
of the Philips 400T electron microscope. The 
carbon plate is covered with a carbon-coated 
Formvar film (made from a 3% solution of Formvar 
in chlo roform). 
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Fig. 7: Scanning electron micrographs of developing rat brain (day 19) (a) and of the ventricular con -
tent (b) (secondary image). V: ventricles. 
Fig. 8: Semi-thick cryostat sections of human skeletal muscle: (a) light micrograph of the section 
mounted on the holder. Bar =1 mm; (b) the same section at higher magnification. Bar= 100 µm; (c) light 
micrograph of an adjacent section stained for ATPase activity. The boxed area (width 190 µm) corres-
ponds with the area shown in (b). It is evident that the distribution of the different fiber t ypes is 
not uniform in different regions of the muscle. 
Specimen pr eparati on : Sections of 2-6 µmare 
prepared with a convegtional cryostat at a tempe-
rature of - 30 to - 35 C. The sections are trans-
ferred in the frozen state to the specimen holder 
with a fine brush or cooled tweezers , and made to 
adhere to the Formva r film by applying a light 
pressure of the brush to the periphery of the 
section. A polished brass weight is put onto the 
specimen holder to keep the sections fixed onto 
the holder during freeze-drying. Alter natively , 
the "point-welding" procedure described above can 
be used: the regions of the section outside th e 
areas of interest are welded to the carbon plan-
chet. The sections are freeze-dried in the cryo-
stat for 48 h, and coated with a conductive 
carbon layer. Adjacent serial sectio ns can be 
prepared for light microscopical examination as 
described above for thick cryosections (Fig. 8) . 
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Analysis of Semi-thick Sections 
The way the section is mounted on the speci -
men holder is shown in Figs. 8 and 9. The image 
obtained in the scanning transmission electron 
microscopy {STEM) mode of the instrument allows 
the identification of cel l s and major ce ll orga-
nelles such as nuclei. Analysis is carried out 
at relatively high accelerating voltage (80 kV or 
more) since the P/B ratio , as theoretically 
expected ( Kyser 1979) increases with increasing 
electron energy {Wroblewski et al. 1983b). 
Quantitative Analysis 
Semi-thick specimens are by definition, 
specimens that are too thick to conform to the 
thin -spe cimen crite ri on (constant ionization 
cross-section and negligible absorption), but too 
thin to conform to the bulk-specimen criterion 
R. Wroblewski, J. Wroblewski, and G.M. Roomans 
Fig. 9: Scanning electron micrograph ( backscat-
tered image) of a semi-thick cryosection mounted 
on the specimen holder. 
( infinitely thick with respect to the electron 
beam) (Roomans 1984). Since X-ray absorption has 
to be taken into account, the conventional conti-
nuum method as applied to thin sections (Hall et 
al. 1973) cannot be used for semi-thin sections. 
Apart from the difficulties in applying the 
ZAF-correction already discussed above for thick 
sections, there is a special problem with semi-
thick sections: if the characteristic intensity 
is used as a measure of the quantity of an ele-
ment present, the section thickness has to be 
accurately known. Warner and Coleman ( 1975) 
developed a method where quantitative analysis of 
semi-thick specimens mounted on a thick substrate 
was carried out, using the energy loss of the 
incident electrons and the attenuation of the 
X-rays excited in the substrate to calculate the 
thickness of the specimen. This method is cumber-
some and inaccurate, since the attenuation of the 
X-rays from the substrate in the light element 
matrix of the overlying tissue may be too small 
to permit a valid estimate of the thickness of 
the sample. The "P/B-method" as described above 
(where the background is calculated over the same 
energy region as the characteristic signal) can 
be used with semi-thick specimens. In contrast to 
the conventional continuum method for thick 
sections, the "P/B-method" contains an intrinsic 
correction for absorption, which may be necessary 
in such thick sections. By relating the charac-
teristic intensity to the continuum intensity , a 
correction is made for (local) differences in 
section thickness. However, this requires that 
the measured background is due to the specimen 
only and that there is only a negligible contri-
bution from the underlying substrate or the 
instrument. Experimental determinations of the 
external background showed that this requirement 
is reasonably well fulfilled in the semi - thick 
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cryosections prepared as described here. The 
background generated by the Formvar film and the 
holder is around 10% of the total background 
(Wroblewski et al. 1983b) . 
Cultured and Single Cells 
Cell cultures are frequently used in biolo -
gical studies because it is possible to closely 
control their environment or to change it experi-
mentally. As a complement to biochemical or 
physiological studies, X-ray microanalysis can 
give information on the effect of culture condi -
tions on the elemental content of the cel l s. 
Other cells naturally occur as single cells, 
e.g., blood cells. X-ray microanalysis of single 
and cultured cells poses some special methodolo -
gical problems. Dried cells may exceed the limit 
for the thin specimen criterion (in practice 
around 2 µm) , but are seldom sufficiently thick 
to be regarded as bulk specimens . In general , 
therefore, single or cultured cells belong to the 
category of semi - thick specimens . 
The principal problem in the preparation of 
single or cultured cells for X-ray microanalysis 
is the removal of the surrounding fluid (e . g., 
culture medium, serum). Generally, the surrou n-
ding fluid will be rich in salts that will dis-
turb the analysis if the fluid is not removed . On 
the other hand , removal of the surrounding fluid 
may damage the cells and lead to changes in their 
ionic composition. Therefore, it is generally 
attempted to replace the original surrounding 
fluid by a medium that does not interfere with 
the analysis: distilled water, volatile buffers 
(e.g . , ammonium acetate) , or isotonic sucrose 
solutions have been used (reviewed by Wroblewski 
and Roomans 1984). Many cells cannot withstand 
rinsing with distilled water; the most appropri -
ate rinsing procedure has to be determined for 
each particular cell type. After the cells have 
been washed, freezing and freeze-drying appears 
to be the safest procedure, although the simpler 
procedure of air-drying is used as well (Wro-
blewski and Roomans 1984). 
If the cells are cultured on a thick sub-
strate, quantitative analysis meets with prob-
lems . As argued above, the method of Warner and 
Coleman (1975) is theoretically adequate for this 
situation, but in practice it is cumbersome and 
inaccurate. As an alternative , semi-quantitative 
analysis can be carried out, where only the 
elemental ratios are calculated ( Ceder et al. 
1982). The problem can be solved by culturing the 
cells on a thin substrate, such as a thin plastic 
film on a grid or other appropriate substrate, 
e . g. , a carbon planchet with a central hole as 
described above for semi - thick cryosections 
(Wroblewski et al. 1983c) . The cells can then be 
viewed in the STEM mode and analyzed at high 
accelerating voltage . 
Analysis of Thin Sections 
For high resolution X- ray microanalysis thin 
sections are necessary. Quantitative analysis of 
thin sections of biological tissue is now a 
routine procedure in many laboratories. Gene-
Low temperature techniques 
Fig. 10: Adjacent thin cryosections of rat 
liver: (a) with poorly preserved ultrastructure, 
(b) with well preserved ultrastructure. Nu : 
nucleus. Bar= 6 µm. 
Fig . 11: Lig h t micrographs of freeze -dried, 
Lowicryl-embedded tissue: (a) rat rib cartilage , 
epiphysea l growth plate; the arrow points to an 
early proliferative cell . Bar =15 µm; *: matrix ; 
(b) rat submandibula r gland, showing acini and 
ducts. Bar= 50 µm. 
Fig . 12: Scanning transmission electron micro-
graph of a thin section of freeze -dried, Lowi-
cryl-embedded rat liver. Nu: nucleus, m: mito-
chondria. Bar= 6 µm. 
rally, the continuum method developed by Hall 
(Hall 1971, Hall et al. 1973) is used for the 
calculation of absolute concentrations. Because 
the sections to be analyzed often are placed on a 
plastic film covered grid, that may contribute to 
the spectrum, a cor recti on for the extraneous 
continuum is necessa ry (Gupta and Hall 1979, 
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Roomans and Kuypers 1980). The signal from the 
specimen has to be compared with that of an 
appropriate standard of known composition 
(Roomans 1979). 
Thin Cryosections 
Analysis of the distribution of diffusible 
elements at the subcellular level is generally 
carried out on thin cryosections (Roomans and 
Seveus 1976, Roomans et al. 1982b, Hagler and 
Buja 1983, 1986, Wendt-Gallitelli and Walburg 
1984, Karp et al. 1982). 
We obtain thin (100-200 nm) cryosections by 
cutting the specimens at -140 to -160°c with a 
glass knife in a cryoultramicrotome {LKB Cryo-
Nova, LKB, Bromma, Sweden). The glass knives 
(45°, 8mm wide) are cut with the LKB 2178 Knife-
maker II {Seveus and Tarras-Wahlberg 1986). 
Ultrathin cryosections of ethane-frozen material 
or tissues frozen against a metal mirror appear 
to be the most reproducible. It is relatively 
easy to cut cellophane-like blue-yellow cryosec-
tions from well-frozen samples. The physical 
properties of ethane appear to make it more 
suitable in connection with cryosectioning than 
propane and the freons. The main problem in 
sectioning at such low temperatures is the com-
pression of the sections. Compression increased 
with decreasing section thickness and increased 
speed of sectioning. 
The sections are transferred with an eyelash 
from the knife edge to Formvar film coated grids. 
Mounted cryosections are pressed onto the grids 
with a polished silver rod, covered with a second 
grid, placed in a Gatan cryotransfer system, and 
transferred to a Philips 400T electron micro-
scope. Observation and analysis is carried out at 
an accelerating voltage of 120 kV. It is extre-
mely difficult to see any structure in a frozen-
hydrated section by conventional TEM or bright-
field STEM; only by special photographical pro-
cessing of the micrographs can some structures be 
visualized {Wroblewski and Wroblewski 1986). This 
makes the identification of the analyzed struc-
tures during analysis very difficult. In addi-
tion, X-ray microanalysis of thin frozen-hydrated 
specimens is very problematic because of the 
large mass loss if high beam currents are used 
( Zierold 1984, Wroblewski and Wroblewski 1986). 
Analysis can therefore only be carried out at low 
beam currents and is hence time-consuming. 
Therefore, analysis is generally carried out 
on freeze-dried sections. The holder is slowly 
warmed up to -60 to -8o 0 c and the freeze-drying 
process could be observed in the microscope. This 
procedure of "internal" freeze-drying of the 
sections (as opposed to "external" freeze-drying 
outside the electron microscope prior to trans-
fer) is still the subject of much discussion. 
Hagler and Buja (1983, 1986) convincingly argue 
that "internal" freeze-drying minimizes the risk 
for artifacts such as melting and rehydration of 
the cryosections, which easily occur if the 
sections are freeze-dried outside the microscope 
(Frederik 1982). 
Although according to our experience in most 
of the ultrathin cryosections, after freeze-
-drying, the morphology is inferior to what could 
be obtained by the two methods that will be 
Table 1 
Relative elemental intensities in rat striated 
muscle cells after different preparation methods 
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FD(Aral) FD(Low) FS Crye 
Na 8+ 4 16+ 8 12+ 4 10+ 5 
Mg 7+ 5 10+ 4 8+ 3 8+ 4 
s 137+20 138+32 133+21 136+16 
Cl 55+ 9 59+24 47+16 27+ 6 
K 348+61 380+58 243+27 443+52 
FD(Aral): freeze-dried embedded in Araldite, 
FD(Low): freeze-dried embedded in Lowicryl, FS: 
freeze-substituted embedded in Lowicryl, Crye: 
semi-thick (6 µm) freeze- dried cryosections. The 
data (mean and SD, n=l0-15) are expressed as peak 
to background ratios relative to an arbitrary 
value of 100 for phosphorus. Data recalculated 
from Wroblewski and Wroblewski (1984). 
described below (freeze-drying or freeze-substi-
tution and embedding), freeze-dried cryosections 
with well-preserved morphology can be found (Fig . 
10). However, adjacent cryosections on the same 
grid can differ greatly in morphology and quality 
of preservation, even though they apparently are 
cut under identical conditions. 
Sections of freeze-dried embedded material 
For X-ray microanalysis of biological tissue 
at high resolution, thin sections of freeze-dried 
embedded material present a good alternative to 
thin cryosections (Wroblewski and Wroblewski 
1984, Edelmann 1984, 1986). Freeze-drying and 
embedding as a method for specimen preparation 
for light and electron microscopy has a long 
history. For light microscopy the method was 
introduced by Altmann (1890), and further 
developed and tested by Gersh (1932), Scott 
(1933), and Hoerr (1936). In electron microscopy, 
the method was already used by Scott and Packer 
(1939a,b) for analytical, and by Sjostrand 
(1943a,b) and Richards et al. (1943) for morpho-
logical studies. 
In our studies, freeze-drying is performed 
in a conventional freeze-dryer which has been 
specially redesigned to allow the introduction of 
freeze-dried samples into the resin under vacuum 
conditions. Freeze-drying is started at about 
-9o 0 c. The temperature is then kept at -8o
0
c for 
the next 10-12h and then slowly raised to -40°C 
ov~3 a period of two days. The vacuum is about 10 Torr. After freeze-drying, the samples, 
still at -4o 0 c in vacuo, are plunged into the 
embedding medium, Lowicryl HM20 (Carlemalm et al. 
1982, 1985). Recently, we have omitted the wa-
rming step and emb~dded directly in another Lowi-
cryl (HM23) at -80 C (Carlemalm et al. 1985). The 
Lowicryl is then polymerized by illumination with 
UV light ( 360 nm) without changing the tempe-
rature or vacuum conditions of the freeze-drying 
apparatus. Alternatively, Araldite can be used as 
an embedding medium. In that case, the samples 
are, after freeze-drying, brought into contact 
with the frozen Araldite at -40°c in vacuum. Then 
the temperature is raised to 20°c allowing the 
Araldite to thaw. After impregnation for 48h at 
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20°c under constant vacuum conditions, the Aral-
dite resin is polymerized in the oven at 60°c 
overnight. 
Thick sections (Fig . 11) can be stained for 
light microscopy and used for orientation of the 
specimen and selection of areas of interest. 
Since these thick sections can be cut dry, this 
does not interfere with the use of subsequent 
sections for analysis. Thin sections (100-200 nm) 
are cut with a glass knife on an 1KB CryoNova 
cryoultramicrotome. No trough liquid is used 
since this would cause loss of diffusible ions 
from the section during floating in the trough. 
Sections are collected from the knife edge with 
an eyelash and transferred to Formvar-coated 
grids. A problem during sectioning of embedded 
material on a dry knife can be the severe com-
pression of the sections. Compression can be 
minimized by cutting the sections at temperatures 
in the range of -30 to -so0 c (below the glass 
transition point of the resin). Plastic sections 
cut at low temperature are either brought to 
ambient temperature in a desiccator (to avoid 
condensation of water vapor from the room atmos-
phere onto the sections) or they are transferred 
to the electron microscope at low temperature 
with the cryotransfer system. Conditions for 
observation and analysis were as described above 
for ultrathin cryosections. 
Good morphological preservation can be 
routinely observed in sections of freeze-dried, 
Lowicryl embedded material, cut at low tempera-
ture. In liver, most of the cytoplasmic organ -
elles, down to ribosomes, can be discerned; the 
nuclei contained electron lucid (euchromatin) and 
electron dense (heterochromatin) regions (Fig. 
12). 
Sections of freeze - substituted tissue 
Freeze-substitution as a preparative tech-
nique in microscopy was introduced by Simpson 
(1941a,b) and is now well established as a tech-
nique for ultrastructural studies in which arti-
facts introduced by chemical fixation have to be 
avoided (Humbel and Mliller 1984). Fernandez-Moran 
(1959) and Rosenberg et al. (1960) suggested the 
use of freeze-substitution followed by low-tempe-
rature embeddi ng for immunocytochemical and 
enzyme cytochemical studies. Freeze-substitution 
is the preparation method of choice for X-ray 
microanalysis of sections of botanical material 
(Harvey 1980 ) and has also been used in X-ray 
microanalysis of animal tissue (Marshall 1980b). 
We place the frozen samples in plastic vials 
filled with liquid nitrogen in a low temperature 
box. Inside the box, the samples are transferred 
to cryotubes (Nunc, Copenhagen, Denmark) filled 
with dry diethyl ether. To keep the ether dry, an 
equal volume of molecular sieve is added. The 
vials are placed in dry ice and freeze-substitu-
tion is carried out for a period of 2 - 3 weeks 
(Marshall 1980b). Then the ether is removed and 
precooled Lowicryl HM20 resin added to the sam-
ples. Polymerization is carried out without 
change in temperature by exposing the samples for 
48h to UV light . The dry ice maintains an oxy-
gen-free atmosphere which is of crucial impor -
tance for successful work with Lowicryl . 
Alternatively, Araldite can be used as an 
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embedding medium. In that case , the specimens (in 
ether) are brought to room temperature, and the 
substitution fluid slowly replaced by resin. 
Araldite is cured in the oven at 60°c overnight. 
During all substitution and embedding procedures, 
a dry atmosphere is maintained in the low tempe-
rature box by the presence of molecular sieve. 
Sectioning, observation and X-ray micro-
analysis of freeze-substituted embedded tissue 
are carried out as described above for freeze-
dried embedded tissue. The ultrastructure of 
sections of freeze-substituted material does not 
differ significantly from that of freeze-dried 
embedded material. 
Thin Sections Prepared by Cryomethods: A Compa-
rison 
Ultrathin (freeze-dried) cryosections have, 
in comparison with sections of freeze-dried 
embedded, or freeze-substituted material, the 
following advantages: 
(1) The elemental concentrations in the 
freeze-dried cryosections are higher than in the 
sections of embedded tissue, where the elements 
of interest are "dil uted " by the resin. 
(2) Preparation of ultrathin cryosections is 
much faster than that of freeze-dried embedded 
(several days) or freeze-substituted (several 
weeks) material: in principle, samples can be 
analyzed the same day they are frozen. 
(3) Risk of loss of diffusible ions is mini-
mized, since th~ecimen does not come into 
contact with any substance during the preparation 
procedure, 
(4) Since Lowicryl suffers appreciable mass 
loss under the electron beam, quantitative ana-
lysis of sections of Lowicryl -embedded material 
may meet with difficulties. 
On the other hand, freeze -dried embedded and 
freeze-substituted samples have the following 
advantages over cryosections: 
(1) The final sample is more stable and 
easier to handle than frozen tissue, 
(2) Reorientation of an improperly oriented 
sample is easy; adjacent sections can be used for 
other purposes (ultrastructure, cytochemistry). 
( 3) Although sectioning at low temperature 
is , as discussed above, an advantage, freeze-
dried embedded and freeze-substituted samples can 
be sectioned at room temperature, which means 
that a cryoultramicrotome and a cryotransfer 
system are not absolutely necessary. 
To judge the reliability of the various 
methods, a fully quantitative analysis at the 
subcellular level of an appropriate tissue would 
be necessary. Unfortunately, this is not a 
straightforward procedure, because the presence 
of the embedding medium in the freeze-dried 
embedded and freeze-substituted sections has to 
be taken into account. The relative content of 
embedding medium may vary from compartment to 
compartment , either because of a different water 
content, or because of differences in penetration 
of the medium. In addition, mass loss may not be 
comparable for sections of embedded material and 
freeze-dried cryosections. Present ly , probably 
the best that can be achieved is a 
semi-quantitative analysis, with a relatively 
stable element (phosphorus or sulfur) as internal 
standard. Our data (Table 1) on muscle and liver 
R. Wroblewski, J. Wroblewski, and G.M. Roomans 
show that the values for the freeze-dried embed-
ded material come very close to those for the 
cryosections . The sections of freeze-substituted 
material show, however, a signific an tly lower K 
content which could mean that some K has been 
lost during freeze-substitution. Other studies 
indicate, however, that a good retention of 
potassium can , in principle, be obtained (Grundin 
et al . 1985). On the other hand , Roos and Barnard 
( 1986) noticed an even more extensive loss of 
diffusible ions after freeze-substitution. This 
may have been due to an unduly rapid substitution 
procedure, or to the choice of substitution 
fluid. The removal of water by the substituting 
fluid is a complicated process, which, however , 
strongly influences the final result of the 
freeze -subs titution. Several factors that in 
practice are difficult to control may play a 
role, and the need for absolute dryness of the 
subs ti tu ting fluid should be stressed: omission 
of the molecular sieve may have devastating 
effects on the retention of ion gradients. 
Although freeze-substitution , if very care -
fully carried out , may give good results, it 
appears that the freeze-dry embedding method is 
more easily reproducible. This method should be 
in particular advantageous for the analysis of 
tissues with a complicated architecture, or where 
proper orientation plays an important role, and 
may also be useful for unique specimens where one 
does not want to risk that a minor accident in 
handling makes the specimen completely worthless. 
Freeze -s ubstitution may, however, be preferable 
over freeze -dr ying and embedding if fluid-filled 
compartments (vacuoles in plant cells, gland 
lumina in animals) have to be analyzed. 
Conclusions 
This paper shows that there is a great 
variety of cryopreparation methods that can be 
used for the preparation of tissue for X-ray 
microanalysis. The methods vary from simple to 
rather complicated, and from low resolution to 
high resolution. The methods vary also in their 
requirement of equipment, from very simple to 
rather sophisticated and expensive. Hence, even 
with simple means, problems in pathology that 
involv e measurements on the distribution of 
diffusible elements at the cell and tissue level 
can be investigated. 
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Discussion with Reviewers 
R. Odselius : How do the authors evaluate the 
risk of relocalization of free ions during the 
process of freeze - dr ying bu l k s pecimens , fol-
lowing a withdrawing ice interface towards the 
center of the specimen? 
Authors : Evidently, some relocaliz a tion of ions 
must occur under the conditions under which we 
freeze- dry our thick sections . However, the 
volume analyzed is about 10 µm in diameter , so 
that relocalization over a few µm does not 
affect our results. We think it unlikely that 
ions cross membranes during freeze - drying. 
B. Forslind: Can the difference between good and 
poor quality cryosections be explained by varia -
tions in thickness? 
B. Afzelius: Is there a difference in elemental 
composition between good quality and poor quali -
ty cryosections? 
Authors: Variations in section thickness ap p ear 
to be rather small. The sect i ons regularly 
appear blue-yellow in the hydrated state on the 
knife edge . Also the density of the well and 
poorly preserved sections is about the same, as 
observed in the transmission mode. We feel that 
the differences in preservation between dif-
ferent sections may be due to the uncontrolled 
interaction between specimen and knife (even if 
section thickness and operating temperature are 
the same). Another possible source of differen -
ces is the freeze - drying process. The final 
morphology of the sections may be dependent on , 
among other factors, the adhesion of the section 
to the grid or the distance to the grid bars. 
The elemental composition of nuclei in two 
adjacent sections with different morphology is 
not significantly different. No other compart-
ments could be analyzed and compared. 
R . Odselius: How do the authors evaluate the 
risk of relocalization of free ions during the 
infiltr a tion of freeze - dried specimens, follow-
ing the resin frontier from the surface towards 
the center? 
Authors: Inorganic salts are inso lu ble in the 
resins used and majo r redistribution is thus not 
expected. We agre e that, theoretically, so me 
redistr i bution canno t be exclude d, and therefo r e 
it is imp ortant to check the r e sults from s e c -
tio n s of freeze - drie d embedde d material with 
cryos e ctions for e a ch set of experimental pro -
perties. Until now both our own results and 
those fr om other g r oups see m to indic a t e th a t 
redistr ibu t io n of io ns in res i n i s not a maj o r 
problem. 
R . Odselius : What is the high e st tem p erat ur e 
that s pe cimens can b e exposed to, without get -
R. Wrob le ws k i , J . Wrob l ews ki, and G. M. Rooman s 
ting recrystallization of the ice, during the 
freeze - drying process? 
Authors : For soft biological tissue, about -7o0 c 
appears to be the upper limit, and it is advisa-
ble to take a safety margin of about 10°c. An 
extensive discussion of freeze - drying tempera-
tures can be f ound in Edelmann (1986). 
B. Afzelius: Does Lowicryl resin contain chlor -
ine? 
Authors : We have been using Lowicryl HM20, HM23, 
K11M and Araldite. All these resins are chlor -
ine - free. Other authors working with l ow t empe -
rature embedding have been using glycol metha -
crylate , hydroxypropyl methacrylate or Spurr' s 
resin ( Edelmann 1986) . Spurr ' s resin contains 
chlorine. 
B. Forslind: Is there any diffe r ence in mass 
loss properties betwe e n Araldite and Lowicryl ? 
Authors: According to measurements by electron 
energy loss spectroscopy (EELS), mass lo ss is 
less in Araldite. 
R. Odsel i us: Have the authors use d standards of 
more than one concentration to calibrate the 
system? 
Authors: Yes , we have; t hese measurements have 
been described in Wroblewski et al. ( 1983b) for 
s emi-thick cryosections, and we have carried out 
s imilar measurements on thick cryosections 
(unpublished results ). If the continuum cor -
rection factor is used, good l inearity is ob -
tained. 
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